Abstract: Gaseous ammonia plays a crucial role in the earth's atmosphere. Major sources of atmospheric ammonia include agriculture and fires. As the climate continues to change, the pattern of fires across the US will also change, leading to changes in ammonia emissions. This study examines four major science questions using satellite and in-situ data from 2010-2014: (1) How have concentrations of ammonia changed across the US? (2) How have the strength and frequency of fires changed? (3) How has this change in fires impacted ammonia emissions? (4) How does the US EPA NEI compare with the calculated emissions? Satellite and in-situ data were used to evaluate the annual concentrations of ammonia and to calculate the total ammonia emissions across the continental US. The results of this study showed that ammonia concentrations have slightly increased over the five-year period. The total fire number and the average fire radiative power have decreased, while the total yearly burn area has increased. The calculated ammonia emissions from fires on a national scale show an increasing trend and when compared with the US EPA NEI for ammonia emissions from fires, annual ammonia emissions are, on average, a factor of 0.49 higher than the NEI.
Introduction
Ammonia (NH3) is an important gas in the atmosphere. NH3 reacts with sulfuric, nitric and hydrochloric acids to form ammonium sulfate, ammonium bisulfate, ammonium nitrate, ammonium chloride aerosols which contribute to fine particulate matter [1] [2] [3] [4] [5] . Fine particulate matter, or PM2.5, is particulate matter with an aerodynamic diameter less than 2.5 micrometers. Exposure to elevated PM2.5 concentrations is considered to be a major concern for human health and welfare due to the particles' ability to penetrate deep into the respiratory tract. There are many adverse health effects associated with elevated concentrations of fine particulate matter, such as chronic bronchitis, aggravated asthma, irregular heartbeat, other cardiovascular and respiratory issues and even death [6] [7] [8] Fine particulate matter is also associated with a number of environmental impacts, such as reducing visibility and changing the earth's radiational balance [7] [8] [9] [10] . With decreasing concentrations of sulfur dioxide and nitrous oxides in the atmosphere, the partitioning between gas and particle phase for ammonia and ammonium will be altered [11] [12] . This will lead to a larger concentration of gaseous atmospheric ammonia [4] . Gaseous ammonia can be deposited to the surface, which leads to ammonification, eutrophication and a loss of biodiversity [1, 4, 5, 13] . Increased concentrations of ammonia can also lead to a decreased resistance to drought and frost damage [1] . Ammonia also plays a role in the formation of nitrous oxide, which is a major greenhouse gas.
Major sources of atmospheric ammonia include ammonia based fertilizers, animal waste and biomass burning, with intensely managed livestock and agricultural sources of ammonia contributing most to ammonia concentrations [13, [15] [16] [17] . According to the US Environmental protection Agency (EPA) National Emission Inventory (NEI) (2011), fires account for a total of about 17% of ammonia emissions in the western US (Regions 9 and 10) and about 8% of all ammonia emissions nationwide [18] . Biomass burning is an important source of ammonia emissions, but the strength of the source remains poorly quantified [5, 19] . Ammonia is emitted into the atmosphere during smoldering combustion, which occurs in slow, low temperature fires without a flame [5, 13, [19] [20] [21] [22] [23] .
As the earth's climate changes, higher concentrations of ammonia are expected due to an increase in emissions. [24] found that ammonia concentrations were two orders of magnitude larger than background levels during the summer of 2010, which was the hottest and driest summer on record (until 2015) , when wildfires ran rampant across Europe and Russia. Hot and dry conditions in the Mediterranean countries, Australia and the western United States have contributed to an increase in wildfire activity, thus increasing the emission of gaseous ammonia, among other pollutants, into the atmosphere [19] [25] also observed unusually high concentrations of ammonia across the southeastern United States (US) during 2007, when fires were prevalent due to increased temperatures and widespread drought. Higher temperatures and widespread drought are expected to lead to an increase in the number of observed wildfires across many regions, such as the southeastern United States, the northern great plains, the Pacific coast, the southwestern US and the southern Rockies [19, [25] [26] [27] [28] [29] [30] [31] [32] . However, due to changes in relative humidity and wind speeds, the future fire potential in the northern Rockies and the northwestern United States may likely be reduced [28] .
The primary objectives of this study were to identify trends in ammonia concentrations, ammonia emissions from biomass burning, which includes wildfires, agricultural burns and prescribed burns, and trends in fire strength/frequency across the United States (US) from 2010 to 2014. In addition to this, a secondary objective was to determine how close the calculated ammonia emissions from biomass burning were to the US Environmental Protection Agency (EPA) National Emissions Inventory (NEI) for 2011. These objectives were addressed by answering four major science questions using a combination of in-situ based and satellite data: (1) How have concentrations of ammonia changed across the US from 2010 to 2014? (2) How have the strength and frequency of fires changed during this period? (3) How has this change in fires impacted ammonia emissions? (4) How does the US EPA NEI compare with the calculated emissions?
Data and Methods

Remote Sensing of NH3
In order to determine trends in ammonia concentrations, both satellite and in-situ measurements were used. Satellite measurements were derived from the Tropospheric Emission Spectrometer (TES) on NASA's (National Aeronautics and Space Administration) Aura satellite for the continental United States (CONUS) for 2010-2014. TES measures the Earth's infrared light energy as well as the particulates and gases within the atmosphere on a global scale. Observations are made on a 16-day cycle (making roughly 1 pass during the day and 1 pass during the night over each region every other day) [33, 34] . TES has a spectral resolution of 0.025 cm −1 , a spatial resolution of 0.53 × 5.3 km and a nadir footprint of 5.3 × 8.5 km [33] . Atmospheric ammonia concentrations are derived from TES by observing the difference in the infrared radiation intensity between 940 cm −1 and 970 cm −1 and then calculating the intensity of the radiation in the bands using a forward radiative transfer model. Finally, the meteorological conditions are applied to the assumed ammonia concentration to determine the atmospheric concentration of ammonia [35] . This study used only measurements which met the TES Species Retrieval Quality criteria and for which the degrees of freedom for signal (DOFS) exceeded 0.5.
The in-situ ammonia concentrations used in this study were obtained for 2010 through 2014 from the National Atmospheric Deposition Program (NADP) Ammonia Monitoring Network (AMoN). This network measures ammonia concentrations in 66 locations that span across the CONUS. The samples measured at the AMoN sites are taken in two week increments using Radiello passive samplers [36] . The measurements made in this study quality assured following the AMoN Standard Operating Procedures [37] by the scientists at the NDAP Central Analytical Laboratory
Remote Sensing of Biomass Burning
NASA's Fire Information for Resource Management System (FIRMS) was utilized to obtain archived fire locations, frequency and strength. This data was obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor on NASA's Earth Observing System satellites (Terra and Aqua). The MODIS fire products are obtained using a fire detection algorithm that uses a multispectral contextual approach to leverage the mid-infrared radiations emitted by fires [38] . FIRMS delivers the MODIS fire data locations that represent the center of a 1 km pixel that is flagged by the algorithm as an area that contains at least one fire/hotspot within the pixel [38] .
Calculating NH3 Emissions from Biomass Burning
To estimate emissions, the following equation [39] [40] [41] was used (Equation 1): Ei = A(x,t) x B(x) x FB x EFi, (1) where Ei is the emission of species i (in this case, NH3), A is the area burned at time t and location x, B is the biomass loading at location x, FB is the fraction of that biomass burned in the fire and EFi is the emission factor of species i. It is important to note that all biomass terms are on a dry weight basis. In order to obtain the area burned, the MODIS Burned Area product was used. The data was downloaded in a shapefile format from the University of Maryland's website. The MODIS burned area product was validated by [42] who found that the MODIS product provided the most accurate burned area maps when compared with other products (L3JRC, GlobCarbon). The biomass loading, which is defined as the amount of biomass available that can be burned in each fire, was obtained from Table 1 in [39] , which describes the total fuel loading assumptions for various land cover classifications based on the literature (Table 1) .
In order to determine the biomass burning, it is necessary to know the type of land being burned. The MODIS Land Cover data product (MCD12Q1) was obtained from the University of Maryland's Global Land Cover Facility webpage (www.landcover.org). The fraction of biomass burned within the fire was estimated using the methods used by [39, 40, 43] . In this method, areas with 60% or more tree cover are given an FB value of 0.3 for the woody fuel and 0.9 for herbaceous cover. Areas with 40%-60% tree covers, the FB is 0.3 for woody fuels and the FB for herbaceous fuels can be calculated using the following equation (Equation 2): FBherb = e -0.13*FractionTreeCover (2) Finally, when the fraction of tree cover is less than 40%, no woody fuel is assumed to burn and an FB value of 0.98 is given for herbaceous fuels [39, 43] . The Advanced Very High Resolution Radiometer (AVHRR) Continuous Fields Tree Cover product was used, which was from the University of Maryland [44] . This product gives a percentage value for tree cover at a 1km spatial resolution. The emission factor for ammonia was obtained from [40] , who classified the emission factor with each land classification from the literature. Table 2 shows the emission factors used in this study, adapted from [22, 40] . [22, 40] The calculated emissions of ammonia from biomass burning (Equation 1) were compared against the US EPA NEI on a national scale [45] .
Meteorology Data
Meteorology is an integral part the earth system. Because of this, it is important to consider meteorological phenomena when examining fires as well as atmospheric ammonia concentrations. Two major meteorological parameters were used in this study: monthly average temperature and monthly total precipitation. This data was obtained from the National Oceanic and Atmospheric Administration (NOAA) National Centers for Environmental Information Climate Data website [46] . The data product used was the GHCND (Global Historical Climatology Network) Monthly Summary data for the CONUS from 2010-2014, which provided the total monthly precipitation (inches) and the monthly mean temperature (°F). This data is described in detail in [47] . In order to ensure accuracy, only measurements that passed the NOAA National Climatic Data Center quality assurance check were used in this study.
Results
Trends in Ammonia Concentration
Satellite and in-situ measurements of ammonia were utilized to determine the trend in the concentrations of ammonia from 2010 to 2014 across the CONUS. Measurements from the AMoN network show ambient concentrations of NH3 increasing slightly (by a factor of 0.000027) from 2010 to 2014 on a national scale ( Figure 1 ). In contrast to this, the NH3 retrieval from TES for the same period show an overall decrease (by a factor of 0.000033) in the ambient concentrations of NH3 on a national scale ( Figure 2 ). However, when looking at the change in the NH3 retrieval from TES for 2011-2014, a slight increase (by a factor of 0.000029) in the NH3 concentration is evident ( Figure 3 ). This increase is comparable to the increase in the national ambient concentration of NH3 measured by AMoN. While it is not possible to compare the AMoN measurements and the TES NH3 retrievals due to a difference in both spatial and temporal scales, it is possible to compare the general concentrations between each measurement technique. TES retrieval measurements tend to be higher than the AMoN measurements, which can be explained by the temporal range for the two measurements. The TES retrieval shows a snapshot concentration within the atmospheric column (at the ground level) while the AMoN measurement shows a two-week average. In addition to this, the AMoN monitors are not well distributed through the United States, with the central and western US having a much sparser distribution when compared with the eastern US (Figure 4 ). In comparison, the TES sensor has a much larger spatial coverage (Figure 4) .
In addition to this, the higher measurements retrieved by TES can also potentially be explained by TES measurements taken over agricultural regions, which are known to emit large quantities of ammonia [17] , due to the much larger spatial coverage of TES versus the AMoN network. 
Trends in Biomass Burning
On a national scale, the overall trend in the number of fires per year actually decreased by a factor of 1.6E4, with the lowest total number occurring in 2014 ( Figure 5 ). The largest number of fires occurred in 2011 (~2E5 fires), with the lowest number of fires occurring in 2014 (~1.05E5 fires). When looking at the fire number per year on a monthly basis, the annual trend in ammonia emissions is such that the peak number of fires occurs during the spring time with a smaller peak occurring in late summer ( Figure 6) .
When comparing the monthly number of fires across each year of interest, the month to month trends between each year show that the number of fires in 2010 actually peaked in the late summer, with the fire count around 22,011. In contrast to this, an enormous peak is observed in 2011 during the spring time, with the number of fires reaching approximately 43,931. In contrast to this, the fire number decreased significantly in the summer months (~10,000). In 2012, two distinct peaks are evident: one in the spring (~27,277 fires) and one in the early summer (~25,518 fires). The overall number of fires appears to be higher month to month in 2013, with a peak in the spring (~28,376 fires) and an even smaller peak in the late summer (~15,374 fires). Finally, the number of fires in the spring of 2014 was lower than that of 2012 (~19,667 fires) with a much smaller peak in the late summer (~10,202 fires). While there was an overall decrease in the total yearly fires and the average yearly FRP, there was an overall increase in the total burn area over the period (Figure 9 ). This suggests that while the national yearly total fires and national yearly average fire radiative power have decreased from 2010 to 2014, the size of the fires actually increased. The total yearly burn area was the lowest in 2010 (8.33E10 m 2 ) and then the highest in 2011 (3.08E11 m 2 ), with the total burn area remaining fairly stable from 2012 to 2014 around 2E11 m 2 . On a monthly scale, the peak burn area varies from year to year ( Figure 10 ). Both April and August saw the highest total burn areas (~2E10 m 2 ) in 2010. The peak total burn area in 2011 (1.2E11 m 2 ) occurred in April, with a secondary peak occurring in July (8.7E10 m 2 ). However, in 2012, the peak burn area (7.8E10 m 2 ) occurred in August, with a secondary peak (2.0E10 m 2 ) occurring in May. In 2013, there were three major peaks in burn area. The smallest peak (3.4E10 m 2 ) occurred in July, the middle peak (5.3E10 m 2 ) occurred in August and then the largest peak (1.1E11 m 2 ) occurred in October. Finally, in 2014, there were two major peaks (6.6E10 and 2.1E10 m 2 ) that occurred in July and August, respectively.
Ammonia Emissions from Biomass Burning
Based on the trends in the recent national fire number, one would expect ammonia emissions from fires to decrease. However, the trend in annual ammonia emissions from fires is actually positive (Figure 11 ). The lowest NH3 emissions from fires were observed in 2010 (10000 tons), while the highest NH3 emissions from were observed in 2011 (110000 tons).
Ammonia emissions in 2013 were approximately 494687 tons, while the emissions in 2013 and 2014 were approximately 470793 tons and 873373 tons, respectively. This overall increase in ammonia emissions is likely due to two key factors: the increase in the total burn area and the decrease in the fire radiative power. Because ammonia is emitted during the smoldering stage, a larger burn area and a lower fire radiative power are favorable. This is evident in Figures 12 and 13 , which show that emissions increase proportionally with burn area and fire number and that emissions are higher at lower FRP values, respectively. Based on this monthly comparison, the general trend appears to shift slightly such that the peak ammonia emissions from fires changes from occurring in late spring/early summer to the peak occurring in late summer, with a secondary peak occurring in the fall of 2014. This suggests that the fire season is expanding, which is likely a result of drier conditions in the western United States.
Comparing Calculated Emissions with the US EPA NEI
On a national scale, the calculated ammonia emissions from biomass burning were found to be, on average, a factor of 0.49 higher than the US EPA National Emissions Inventory, with the exception of 2010 (Figure 15 ). The total calculated ammonia emissions in 2010 (109426 tons) were a factor of 2.40 lower than the 2011 National Emission Inventory. However, the US EPA NEI for NH3 emissions from fires is actually lower than the observed yearly total national emissions for 2011-2014. In 2011, the NEI was found to be a factor of 0.66 lower than the calculated NH3 emissions from fires (1110854 tons). Similarly, the calculated emissions of NH3 from fires in 2012 (794833 tons) were a factor of 0.53 than the US EPA NEI. The US EPA inventory was slightly closer to the national calculated emissions of NH3 in 2013 (470942 tons), with the inventory being lower by a factor of 0.21. However, the US EPA NEI for fire emissions of ammonia was found to be a factor of 0.57 lower than what was calculated (873681 tons). This suggests that on a national scale, the US EPA National Emissions Inventory under predicts ammonia emission from biomass burning.
Dependence upon Meteorology
Because fires, and thus NH3 emissions from fires, are so dependent upon the meteorology, it is necessary to examine the relationship between the meteorological conditions (precipitation, temperature) and the fire frequency, strength, as well as the NH3 emissions from biomass burning. Figure 16 shows the relationship between precipitation and ammonia emissions while Figure 17 shows the relationship between precipitation and the number of fires on a monthly basis. While one would expect NH3 emissions and the number of fires to decrease with increased precipitation, the peak monthly NH3 emissions and peak fire numbers actually occurred between 50,000-80,000 inches of precipitation. When comparing the monthly fire radiative power with the monthly precipitation, the highest FRP values were observed at precipitation values of 40,000-50,000 inches, nationally (Figure 18 ). However, apart from this, the average FRP remains fairly consistent with values between 50 and 90 MW at all amounts of precipitation. In addition to precipitation, temperature is also a very important element in fires. When comparing the average monthly temperature with the monthly fire number, it is evident that fire number tends to increase with increasing temperature (Figure 19 ). However, the maximum monthly fire numbers occur at average monthly temperature between 50°F and 60°F. In contrast to this, NH3 emissions from fires have a directly proportional relationship with temperature, where emissions increase with increasing temperature (Figure 20) . This is slightly different from the relationship found between the number of fires and the monthly average temperature because ammonia emissions are more dependent upon temperature. When comparing the average monthly FRP with the average monthly temperature (Figure 21 ), very high FRP values (130 MW) occurred at low average monthly temperature (30°F-40°F).
Higher FRP values (85-90 MW) occurred at higher temperatures (60°F-75°F), however, FRP values of 50-80 MW occurred steadily across all temperatures. Based on this analysis, is appears that the most important meteorological parameter for NH3 emissions from fires is temperature. 
Discussion
As discussed in Section 3.1, ambient NH3 concentrations from both satellite and in-situ measurements show a very slight increase across the US from 2010-2014. This is in accordance with [48] , who measured in-situ measurements of NH3 across the central and eastern US from 2008-2014. Similarly, [25] saw an increase in gaseous ammonia concentrations across the southeastern US from 2004-2014. [25] attributed this increase in gaseous ammonia concentrations to an increase in wildfires across the southeast. While it isn't possible to deduce the exact cause of this marginal increase in ammonia concentrations across the CONUS, two potential sources are the changes in fires and changes in agricultural practices as the demand for feed, fiber and fuel increase with the increasing population. Despite the fact that the overall trend in the number of fires per year and the average annual fire radiative power per year is decreasing, the total yearly burn area increased. This suggests that fires became spatially larger and were able to persist for longer periods of time in the smoldering phase. Because NH3 is emitted into the atmosphere during the smoldering phase, which occurs at low FRPs, this would suggest an increase in NH3 emissions from fires over the period of interest. When calculating the NH3 emissions from biomass burning across the CONUS, this increasing trend was evident.
On a monthly scale, the yearly emissions of NH3 from fires show that the trend in the peak monthly emission shifts from late spring/early summer to late summer. The peak number of fires occurred in the spring during the majority of the fire period (peak fire count in 2010 occurred in the late summer/early fall). This trend is likely due to agricultural burning, which tends to happen the early winter/early spring [49] . The average monthly FRP remained fairly constant, ranging between 60 and 90 MW from January to October. However, it is evident that the monthly FRP values are consistently lower in 2013 and 2014 than in the prior years. In contrast to this, the peak in the monthly total burn area from 2010 to 2014 shifted from occurring in the spring to occurring in the fall. The monthly trends in fire strength and activity is in accordance with the trends in the monthly NH3 emissions from biomass burning. The larger burn area and lower FRP created favorable conditions for NH3 emission.
Nationally, the average yearly temperature has actually decreased while the yearly precipitation totals have increased from 2010 to 2014. Considering the severe drought that occurred during this period in the western US, this was surprising. When comparing the monthly total number of fires with the monthly total precipitation on a national scale, the highest number of monthly fires actually occurred during a month with a great amount of precipitation. In contrast to this, the monthly average FRP stayed fairly constant within a range of 50 to 90 MW across all amounts of precipitation, however the highest monthly FRP values were observed at relatively lower precipitation values. While this could be attributed to the fires and precipitation potentially not aligning in time and space, this could also suggest that precipitation does not play a major role in the FRP of a fire, except at very high FRP values. Similar results were found when the monthly total NH3 emissions from fires were compared with the monthly total precipitation, where the higher monthly emissions occurring at higher amounts of precipitation. Since this study is on a national scale, it is possible that these fires, and thus NH3 emissions, did not occur where the precipitation occurred. In addition to this, another possible explanation would be if the precipitation was not very heavy, it could either have no impact on a fire or reduce the fire to the smoldering stage, which is conducive for NH3 emissions.
When evaluating temperature with fire number, it was found that fire number and NH3 emissions from fire increase with increasing temperature, with the exception of two months with large fires occurring at average monthly temperatures of around 55°F. Because fire number and NH3 emissions from fires (and agriculture, for that matter) are generally greatest from spring to fall, this relationship is expected. In addition to this, the peak in the monthly total fire number occurring around 55°F can likely be attributed to several agricultural burns occurring in the late winter in southern states. As was found when comparing the average FRP with total precipitation, in the monthly average FRP remains fairly constant with increasing average temperature. However, extremely high values of FRP occurred at low temperatures. These high values may also be attributed to agricultural burns occurring in late winter/early spring. Based on these results, it appears that temperature is the most important meteorological parameter for fire frequency and emissions of NH3, while the FRP does not appear to be too dependent upon either parameter.
Future directions for this work include expanding the period of interest from 2004 to 2014 and breaking the study area down by EPA region in order to see how concentrations of NH3, fire strength and frequency, and fire emissions change on a per region basis. In addition to this, NH3 emission estimates will also be derived using a top down method similar to [50] , on a regional and national scale. The results of each region will be compared with the US EPA NEI to see how each region differs with respect to the calculated yearly NH3 emissions from fires and to determine where the inventory is most accurate and where it is least accurate in order to help determine where potential errors lie. Finally, a statistical regression model that will be used to project ammonia emissions using a combination of both biological and meteorological components will be developed and compared against other emission calculation techniques.
Conclusions
Currently, NH3 emissions from fires account for approximately 8% of all NH3 emissions in the continental United States. As the climate continues to change, NH3 emissions from fires, particularly in the southwestern and western US, will likely increase. In this preliminary analysis, NH3 total concentrations appear to have been gradually increasing on a national scale from 2010 to 2014. However, the total fire number and fire radiative power has, on average, decreased during the period. The total burn area per year has increased through this time, which suggests that fires are increasing in size, but decreasing in power. Because NH3 is emitted during the smoldering stage of fires, which is associated with lower fire radiative powers, this change in fire activity allows for a larger spatial area to burn at a lower FRPs, conditions which are favorable to NH3 emissions. The total emission of ammonia from fires, on a national scale, has increased, which was expected based on the changes in fire activity. When comparing the US EPA National Emissions Inventory for NH3 emissions from fires for the continental United States, it was found that the NEI was approximately a factor of 0.49 lower than what was calculated. While the inventory was higher than the calculated NH3 emissions for 2010, it was much lower than what was calculated for 2011-2014. Therefore, based on this, it can be concluded that the US EPA NEI for ammonia emissions from fires, on average, under predicts concentrations of NH3 on a national scale. 
